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A rotation sensor is one of the key elements of inertial navigation systems and compliments most
cellphone sensor sets used for various applications. Currently, inexpensive and efficient solutions
are mechanoelectronic devices, which nevertheless lack long-term stability. Realization of rotation
sensors based on spins of fundamental particles may become a drift-free alternative to such de-
vices. Here, we carry out a proof-of-concept experiment, demonstrating rotation measurements on
a rotating setup utilizing nuclear spins of an ensemble of NV centers as a sensing element with no
stationary reference. The measurement is verified by a commercially available MEMS gyroscope.
INTRODUCTION
With the increasing interest in unmanned and au-
tonomous vehicles, inertial navigation becomes of pivotal
importance for steering in areas lacking global naviga-
tion system (GPS) signals, for example, inside buildings
or tunnels and under water or ground [1–3]. The pre-
cision of such inertial navigation is strongly dependent
on the number of inertial sensors, among which is the
gyroscope. The records for precision and bias stability
of industrially available gyroscopes are traditionally held
by ring-laser gyroscopes and fiber-optic gyroscopes, the
ideas of which were developed by the end of the 20th
century [4–8]. Based on the Sagnac effect, their preci-
sion is proportional to the surface enclosed by the optical
light path [9, 10]. While there has been great progress in
miniaturization of this type of device [11], fundamental
limits, related to the size and sensitivity of the device,
are still hard to overcome. On the other hand, much
less precise microelectromechanical system (MEMS) gy-
roscopes are widely used for mass production in consumer
electronics. While the bias stability of these devices is of-
ten not sufficient for robust long-term inertial navigation,
these devices have excellent power consumption charac-
teristics, chip-scale dimensions and low prices [12]. De-
spite enormous progress in improving the bias stability
and precision of these devices, there is still a considerable
gap between compact and precise devices.
As an attempt to bridge the gap, redesigning laser-
based gyroscopes by trying to use chip-scale high quality
factor cavities [11, 13] is currently at the stage of im-
plementing prototypes capable of measuring the earth
rotation rate. Another competing approach is to de-
velop hyperpolarized noble gas nuclear spin gyroscopes
[14–18]. These gyroscopes can reach the precision of a
state-of-the-art ring-laser gyroscope with a much smaller
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form factor of the sensing element. A possible approach
to miniaturizing gyroscopes while maintaining high pre-
cision is to use solid-state spin systems. The nitrogen-
vacancy (NV) center in diamond has demonstrated ex-
cellent properties as a solid-state spin system. It pos-
sesses optically detectable electron spin, with a long co-
herence time at room temperature and means for optical
polarization of the spin state. Several key applications
of NV centers have been demonstrated, including precise
measurement of constant and oscillating magnetic fields
[19, 20], nuclear magnetic resonance spectroscopy with
chemical resolution [21, 22], nanoscale electric field sens-
ing and temperature sensing inside living cells [23–25].
In 2012, it was proposed [26, 27] to use an NV center
ensemble as a solid-state nuclear spin gyroscope. Later
in [28, 29], quantum sensing of a rapid rotation (200 kHz)
with a single NV electron spin was demonstrated. The
potential for utilization of the nuclear spin was demon-
strated recently [30]. However, the realization of a rotat-
ing sensor utilizing a nuclear spin ensemble in diamond
remains a challenging task. In this letter, we report the
first proof-of-principle direct gyroscopic measurement of
a sub-Hz rotation using a hyperpolarized 14N nuclear
spin I = 1 ensemble in the solid state. Though the ini-
tial ideas were based on geometric Berry phase detection,
here, we utilize dynamic phase acquisition as a result of
a pseudomagnetic field induced by the rotation [31]. We
use an ensemble of NV centers in diamond to hyperpo-
larize the nuclear spin using recursive nuclear spin ini-
tialization [32–34], followed by double quantum Ramsey
spectroscopy [35] on a hyperpolarized nuclear spin qutrit
and nuclear spin readout via the optically detected elec-
tron spin of NV centers. We perform cross-sensor feed-
back [30] and subtract systematical shifts using a cother-
mometer and a comagnetometer based on the same en-
semble of NV centers in a diamond sample. We calibrate
our sensor on a rotation platform using a commercially
available MEMS device.
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FIG. 1. Scheme of the experiment. a) NV center in diamond associated with the nuclear spin of 14N . It is addressed with laser
light, microwave (MW) and radiofrequency (RF) control. The fluorescence of the NV center is collected using a photodiode. b)
The whole experimental setup with ensembles of NV centers inside a diamond plate is positioned on a rotation stage to perform
measurement of a calibrated rotation at various speeds. c) ODMR spectrum of the NV center ensemble with initialized nuclear
spin. The nuclear spin is initialized before each frequency is measured. d) Readout of the Ramsey nuclear spin. Orange is the
optimized referenced readout, and blue is a simple readout with only a single pi pulse and a single laser pulse. e) Measurement
sequence for a gyroscopic measurement. Each measurement consists of an initialization step and nuclear spin free evolution in
a scheme of double quantum interference
RESULTS
All NV centers in diamond contain nitrogen nuclear
spin, which in natural abundance is 99.6 % 14N with
spin 1. Since nitrogen is part of the NV color center, it
has a well-determined interaction with the NV electron
spin (Fig. 1a). Therefore, compared to the more devel-
oped nuclear spin of carbon-13, which is often believed
to have better coherence and storage properties [36], the
nuclear spin embedded into NV center nitrogen is suit-
able for ensemble measurements. Namely, using known
techniques, one can polarize and readout nitrogen spin
via the electron spin of an NV center spin [34]. The elec-
tron spin structure of the NV center ground state (GS)
can be seen as a V-type scheme (see 1 a) with the ms = 0
subdomain as the lower state and ms = −1 and ms = 1
as the upper states. Nevertheless, each of these states has
hyperfine splitting due to the interaction with the nitro-
gen nuclear spin, which can be described by the following
Hamiltonian:
H = DS2z + γeSzBz + SAI +QI
2
z + γnBzIz (1)
where D and Q are the zero-field splittings of the electron
and nuclear spins, γe and γn are the gyromagnetic ratios
of the electron and nuclear spin, S and I are spin opera-
tors for the spin 1 system, and A is the hyperfine tensor.
Due to the different hyperfine splittings in electron spin
subdomains, microwave (MW) transitions allow flipping
of electron spin selectively on the nuclear spin state [34].
Similarly, radiofrequency (RF) transitions can selectively
flip nuclear spin. However, at small magnetic fields of
≈ 10 Gauss, the transition frequencies in ms = 0 between
mi = 0 and mi = ±1 are not resolved within the natural
width of the transition and can be addressed with a single
frequency pulse at Q/2pi~ ≈ 5 MHz (f5). Additionally,
for ms = 1 and ms = −1, transitions from mi = 0 to
mi = 1 and mi = −1, respectively, have similar frequen-
cies of approximately (Q−A||)/2pi~ ≈ 7.2 MHz (f7.2) and
can be addressed with a single frequency pulse. We use
this to perform effective control of the system using only
two RF frequencies.
Our gyroscopic measurement consists of three main el-
ements: nuclear spin polarization, free precession, and
nuclear spin readout. The polarization of the nuclear
ensemble into the mi = 0 spin state is performed using
a recursive transfer of population [32–34] as depicted in
Fig. 1 a, c. The first step of the sequence is the transfer
of the population from the ms = 0 electron spin state
to ms = 1 and ms = −1 conditioned on nuclear spin
mi = −1 and mi = 1, respectively, using spectrally nar-
row enough microwave (MW) pi pulses. The next step is
to apply a single spectrally broad radiofrequency (RF) pi
pulse that transfers both populations simultaneously to
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FIG. 2. Rotation signal. a) DQ Ramsey transition scheme
for ms = 0. b) Zoomed Ramsey fringe at working point of
the gyroscope. NEG, POS represents negative and positive
slope working points for alternating Ramsey protocol c) Dou-
ble quantum Ramsey spectroscopy of 14N nuclear spin. The
oscillation matches the nuclear Zeeman splitting, T ∗2 = 2.37
ms
the mi = 0 sublevel of the ms = 1 and ms = −1 states.
Finally, a green laser pulse is applied to transfer the pop-
ulation to the ms = 0 electron spin level by means of
optical pumping, in which case the NV center is known
to mostly populate the mi = 0, ms = 0 state. This
procedure is repeated 4 times to achieve the maximum
population in the mi = 0 state of 77± 1% (see Fig. 1e).
The nuclear spin readout is performed with a single iter-
ation of the reading sequence depicted in Fig. 1e. The
nuclear spin state is transformed into a fluorescence con-
trast signal using a selective microwave pi pulse applied
to the central mi = 0 peak of the NV optically detected
magnetic resonance (ODMR) triplet (see Fig. 1c), fol-
lowed by optical readout of the electron spin referenced
to the same measurement with an added RF pi pulse of
frequency f5. This referencing technique doubles the flu-
orescence contrast and subtracts the intensity noise of
the laser and MW power fluctuations (see Fig. 1d). The
rotation of the setup around the main quantization axis
of the NV center ensemble (111 axis of the diamond) is
analogous to the introduction of a pseudomagnetic field
[31], where the nuclear spin behavior is described by the
Hamiltonian:
H0 = QI
2
z + γnBzIz + ΩIz (2)
To acquire a rotation signal, we monitor the free pre-
cession of the 14N nuclear spin ensemble in the elec-
tron spin ms = 0 subdomain of the NV center ground
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FIG. 3. Magnetometer and thermometer performance. a)
ESR dispersion contour when scanning the ms = −1 and
ms = 1 electron spin transitions. b) Amplitude spectral den-
sity (ASD) of a free running magnetometer
state (Fig. 1e). Free precession of the nuclear spin af-
ter initialization is started with a broadband radiofre-
quency pi pulse of frequency Q/2pi~ (f5) (Fig. 2a), which
brings the nuclear spin into the ”bright” superposition
state |b〉 = (|1〉 + | − 1〉)/√2. During the free evolution
under the Hamiltonian H0, this state acquires a phase
φ = 2(γnBz + Ω)τ due to the energy splitting between
the mi = ±1 sublevels. The state after the free evo-
lution can be expressed as (eiφ|1〉 + e−iφ| − 1〉)/√2 =
(cosφ|b〉 + sinφ|d〉)/√2, where |d〉 = (|1〉 + | − 1〉)/√2
denotes the ”dark” state. The last pi pulse converts the
bright state back to |0〉, while the dark state remains un-
changed. The population in the |0〉 nuclear spin state
is then transformed into a measurable fluorescence con-
trast. The experimental double quantum Ramsey pre-
cession of 14N is shown in Fig. 2b,c. It is fitted with a
decaying sinusoidal curve with T ∗2 = 2.37 ms. By fixing
a working point at τ = 2 ms, we recalculate the rotation
signal from the measured fluorescence (Fig. 2b):
∆Ω =
1
a(tp + tn)
(Sp(∆Ω)− SN (∆Ω)) (3)
where a = 0.5(Smax − Smin) is the amplitude of Ram-
sey fringes at the selected interrogation time (see SI) and
tp and tn are the times of positive and negative slope,
respectively, which we use to remove the uncertainties
due to the low frequency noise related to the initializa-
tion fidelity of the nuclear spin and the fidelities of the pi
pulses.
Due to the laser irradiation and electrical current in
nearby antennas, the diamond sample unavoidably heats
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FIG. 4. Calibration measurement on a rotation stage. a) Sensing of rotation parameters on the rotation table. Data of a
comagnetometer and a cothermometer in various rotation regimes. b) Sample MEMS gyro and rotation signal from the NV
gyro. Scaling linearity of the sensor output with applied rotation. The black solid curve is the sampling value of a commercial
MEMS gyroscope, and the blue solid line is the NV gyro sensor output. c) Amplitude spectral density (ASD) of noise of the
sensor output estimated in the last part of the measurement run, where the rotation speed was zero. The red curve is the
estimation of the ASD based on the photon shot noise of the detected fluorescence. The black dashed curve is the noise floor of
the NV-based sensor. d) NV gyroscope signal output at various rotation rates of the moving stage. The error bars are within
the marker size and estimated as the standard variance divided by the square root of the number of outputs. We note a linear
character of the rotation signal dependence as a MEMS rotation signal output with a slope of 1±
up. Temperature shifts affect both electron [37] and nu-
clear hyperfine terms in the Hamiltonian as in [38–40].
In addition, the position of the ODMR resonances is also
sensitive to stray external magnetic fields, which may
change over time. Thus, the sensor requires compen-
sation of these temperature- and magnetic field-induced
shifts. To realize this, the temperature and magnetic field
were measured using the same NV ensemble between the
gyroscopic measurements similar to in [30]. In our case,
we implemented digital frequency modulation, thus mea-
suring both transitions (Fig. 3a). The results of this
measurement were used to extract magnetic field and
temperature values, which were then used in the feed-
back loops. The sensitivity of such a realized comagne-
tometer has a noise floor of 10 nT/
√
Hz (see Fig. 3b),
which corresponds to a rotation measurement noise floor
of 11 deg/s/
√
Hz (see SI). The magnetic field and tem-
perature measurements were performed between two se-
quential gyroscopic measurements, and their results were
used as feedback to subtract the corresponding system-
atic noise in the rotation sensor (see SI). Having at hand
information about both ESR transitions, we also realized
a cothermometer and compensated for the temperature-
related shifts (see SI).
Demonstration of a proof-of-principle gyroscope sen-
sor is a challenging task since the whole experimental
setup should be rotated. Vibrational mechanical noise
could reduce the optical signal-to-noise ratio, thus caus-
ing degradation of the performance of the sensor. To
avoid difficulties with rotational electrical and optical
joints, we employed full rotation of the optical setup
and all devices in use. To this end, we assembled an
experimental setup that can autonomously operate on a
rotation stage (see. Fig. 1 b). It is equipped with a
battery power supply, wireless communication protocols,
field programmable gate arrays (FPGA) a control board,
a laptop and all microwave (MW), radiofrequency (RF)
and optical equipment required for operation (see SI).
To calibrate our sensor, a series of continuous rotations
with various rotation speeds in both directions were per-
formed (see Fig. 4a,b). We obtained a series of measure-
ments from the comagnetometer, cothermometer, gyro-
scope, and calibration MEMS gyroscope, which are de-
picted in Fig. 4a,b. As clearly seen, the results of the
calibration MEMS gyroscope clearly correlate with the
outputs of our NV-based gyroscope sensor. The obtained
rotation signal is linearly proportional to the real rota-
tion speed, as depicted in Fig. 4d. The noise floor of our
NV gyroscope was measured to be 52 deg/s/
√
Hz (see
Fig. 4c), which was estimated as the noise floor of the
power spectral density (PSD) of the time trace of the
gyro output.
5Thus, in this paper, we demonstrated direct measure-
ment of rotation using nuclear spins of NV centers. The
measurement does not utilize any inertial reference or
other nonrotation reference. While the precision of the
gyro at this stage is lower than that of the MEMS de-
vice, this result, together with a previous demonstration
of long-term stability on a nonrotating device [30], paves
the way for a solid-state diamond-based gyroscope with
superior bias stability.
CONCLUSIONS
We showed a direct signal of rotation measured with
a nuclear spin gyroscope realized based on an ensemble
of NV centers in diamond. By simultaneously measuring
the magnetic field and temperature, we subtracted the
systematic shifts from the rotation signal and obtained
a linear calibration curve of the rotation signal obtained
with our NV gyroscope. The results prove the possibility
of measuring rotation using nuclear spins of an ensemble
of NV centers in diamond and pave the way for low drift
compact solid-state gyroscopes.
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COMAGNETOMETER, COTHERMOMETER
To implement the comagnetometer, we used a contin-
uous probing scheme probing both the ms = −1 and
ms = +1 peaks, where the microwave and laser were al-
ways switched on. The microwave frequencies were mod-
ulated with a square wave signal. The modulation fre-
quencies for the ms = −1 and ms = +1 peaks were
2 kHz and 4 kHz, respectively. The modulation span was
1 MHz. The magnetometer acquisition time was 3 ms (6
full measurement cycles). The microwave power for the
magnetometer was attenuated to the nominal microwave
power used in the gyroscope part of the experimental
sequence by passing the MW signal through 20 dB at-
tenuators (Minicircuits) via an additional switch in the
MW signal path (Fig S2).
TEMPERATURE COMPENSATION
As an initial approximation for the rotation experi-
ment, we defined the electron resonance frequencies from
the ODMR experimental sequence. However, the dia-
mond temperature is influenced by heat from the pump-
ing light and radiofrequency signals. Thus, changes in
the experimental sequence, i.e., between the ODMR ex-
periment and the rotation measurement, will change the
∗ akimov@physics.tamu.edu
diamond temperature and lead to unwanted shifts in the
electron resonances. To overcome this, we performed ro-
tation measurements (depicted in Fig. 1e of the main
text) with conventional readout of electronic spin and a
microwave frequency sweep from run to run. This al-
lowed us to reveal the unshifted electron resonance posi-
tions and the setup heat-up time, as depicted in Fig. S1
With an exponential time constant of 54 s, both electron
resonances shifted by approximately +300 kHz, caused
by a temperature shift of approximately −4 K. When
the rotation measurement started, the first 200 seconds
of data were omitted to allow diamond thermalization to
finish.
EQUIVALENT MAGNETIC FIELD FOR THE
ROTATION RATE
The gyro signal includes both the rotation signal and
magnetic field as written below:
∆Ω = 2(ΩRot + γn∆Bz) (1)
where γn is the gyromagnetic ratio of
14N , and the fac-
tor of 2 is because the Ramsey phase is accumulated for
the superposition of states with ∆mI = 2. To exclude
the magnetic field part of the signal, a comagnetometer
is utilized. The comagnetometer operates in interleaved
mode, as its sensitive part is the same diamond plate.
The noise in the magnetometer output then relates to
the gyro output through this formula with a proper unit
conversion:
δΩ[o/s] = δB[T]γn[Hz/T] · 360[o] (2)
RECALCULATION OF THE ROTATION SIGNAL
FROM FLUORESCENCE
The working point (that is, the right free precession
time) for gyro operation is selected by sweeping the free
precession time near 2 ms (optimal for measurement due
to decoherence) and selecting the time point with the
maximum derivative (that is, 1944 µs). The Ramsey
signal can be described as:
SR(ω, t) = a cos (ωt+) + b (3)
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FIG. S1. Thermalization of the diamond after gyroscope startup. The peak detuning is the difference between the electronic
resonance positions measured during gyroscopic measurement and the ODMR experiment
where Ω0 is the Ramsey beating frequency at the current
magnetic field (7200 Hz), a is the oscillation amplitude,
b is a fluorescence offset, and T0 is the working time (i.e.,
time of rotation integration). To subtract the offset noise
coming from instabilities of the fluorescence level and nu-
clear spin polarization level, we utilize the fluorescence
from two consecutive measurements with alternating free
precession times adjusted to be on a negative and posi-
tive slope of the Ramsey fringes as described below. tn
and tp are selected so that Ω0tn + φ0 = (2N +
1
2 )pi and
Ω0tp + φ0 = (2N +
3
2 )pi. If we add ∆Ω to the Ramsey
beating frequency and put it into equation 3, then we
obtain:
Sn(∆Ω) = SR(Ω0 + ∆Ω, tn) =
a cos((Ω0 + ∆Ω)tn + φ0) + b = −a sin(∆Ωtn) + b (4)
Sp(∆Ω) = SR(Ω0 + ∆Ω, tp) =
a cos((Ω0 + ∆Ω)tn + φ0) + b = a sin(∆Ωtn) + b
(5)
By subtracting Sn from Sp, we obtain:
Sp(∆Ω)− Sn(∆Ω) = a (sin ∆Ωtp + sin ∆Ωtn)
≈ a∆Ω(tp + tn) (6)
Finally, for ∆Ω:
∆Ω =
1
a(tp + tn)
(Sp(∆Ω)− Sn(∆Ω)) (7)
SETUP DETAILS
The main signal control and conditioning unit is a
home-built control device with a Spartan-6 FPGA cir-
cuit, providing analog signal digitization, analog signal
output for generator modulation and digital pulse gener-
ation with 10 ns generation. For a light source, we used
a 100 mW, 520 nm laser light generated by a WSLD-
520-001-2 laser diode (Wavespectrum). The laser diode
was driven with a home-built diode driver, which stabi-
lized the output power when the laser was on and al-
lowed 100% on-off modulation of the output power with
< 5 us rise/fall times. The laser light was focused into a
6x11 µm. As the sample for our research, we used a dia-
mond plate polished perpendicular to the 〈111〉 crystal-
lographic axis (Velman LLC) with approximately 1 ppm
NV centers. The NV center fluorescence was collected
with a parabolic concentrator made of sapphire, similar
to in [1]. Both the fluorescence and pumping laser in-
tensities were registered by a photodiode (PDB-C609-2)
and amplified with a transimpedance amplifier. The ana-
log signal was digitized by an AD7626 analog-to-digital
converter directly connected to an FPGA.
A constant magnetic field was formed by rectangular
Helmholtz coils of size 7x7 cm and applied along the 〈111〉
crystallographic axis. The MW field was formed by an
antenna composed of two 5-mm-diameter coaxial loops
made of 1 mm copper wire and separated by 4 mm with
a diamond sample in between [2]. The antenna was ex-
cited with a weakly inductively coupled loop. The signal
for the microwave antenna was sourced from two gener-
ators (SG384 and SMA100A), frequency modulated by
digital-to-analog converters, and controlled directly by
an FPGA. On-off gating and additional amplitude mod-
ulation were performed via switching circuity based on
ZASWA-50-DR- switches. The microwave signal from
the switching circuity was amplified by a Minicircuits
ZHL-16W-43X+ amplifier and fed via a circulator to the
antenna. The radiofrequency signal was generated by
two generators (Agilent A4400 and DS345), selected and
switched by a ZASWA-50-DR- circuit and amplified by a
VectaWave VBA100-30 amplifier. The amplifier was con-
nected to the antenna, which was formed by 2x10 loops
of 0.2 mm copper wire. All generators, the MEMS gyro-
scope and the FPGA board were connected to a laptop,
which retransmitted data and control signals through
Wi-Fi to the standalone PC that ran control software.
The whole setup was mounted on a 360 degree high load
turntable. The turntable was driven by a commutator
3motor with a maximum speed of 1/3 Hz and manual di-
rection and speed control. The whole setup was mounted
on a 360 degree high load turntable. Turntable is driven
by collector motor with maximum speed of 1/3 Hz and
manual direction and speed control. All the appliancies
were powered by UPS (N-POWER Smart-Vision S3000),
retaining energy, enough for 15 minute experiment run.
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FIG. S2. Scheme of the setup used for gyroscopic measurements. DAC digital-to-analog converter, FM frequency modulation,
PA power amplifier, FPGA field gate programmable array, RF antenna radiofrequency antenna for nuclear transitions, MW
microwave antenna, ADC analog-to-digital converter, UPS uninterruptible power supply. Black dots represent digital signals
connected from FPGA digital outputs to the input of the switches.
